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Abstract 

Our previous paper [1] is generalized within the field theoretical for- 
mulation with the quark degrees of freedom [2, 3, 4, 5], where pions 
and nucleons are treated as the bound systems of quarks. It is shown 
that relations generated by current conservation for the on shell vrA^ 
bremsstrahlung amplitude with composite nucleons and pions have the 
same form as in the usual quantum field theory [6, 7] without quark de- 
grees of freedom [1]. Consequently, the model independent relations for 
the magnetic dipole moments of the and resonances in [1] re- 

main be the same in the quantum field theory with the quark degrees of 
freedom. These relations are extended for the magnetic dipole moments 
of the A° and A resonances which are determined via the anomalous 
magnetic moment of the neutron /i„ as = ^^fJ-n and /^i^- = |/xa°' 
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1. Introduction 



The self-consistent generalization of the conventional quantum field theory for com- 
posite particles was developed in refs. [2, 3, 4, 5]. In this approach the quark-hadron 
bound state functions satisfy the appropriate Bethe-Salpeter equations and determine 
the transitions from the quark-gluon degrees of freedom into hadron degrees of freedom. 
The general Bethe-Salpeter equations for the quark-hadron wave functions were derived 
by Huang and Weldon [2]. The basic objects in this approach as well as in the Haag- 
Nishijima-Zimmermann approaches [3, 4, 5] are the creation and annihilation operators 
of composite particles which allows to obtain the ^'-matrix reduction formula for compos- 
ite particles. The equivalent three dimensional field-theoretical equations for composite 
hadron interaction amplitudes are given in ref. [8, 9, 10]. The advantages of this three- 
dimensional formulation may be summarized as follows: 

• The poles of the intermediate quark and gluon propagators do not contribute to 
the unitarity condition of the hadron-hadron scattering amplitudes. Therefore, the 
quark-gluon and hadron degrees of freedom are unambiguously separated and the 
problems with the double counting do not appear. 

• The resulting equations for the hadron-hadron scattering amplitudes with and with- 
out quark degrees of freedom have the same form. Therefore, one can easily extend 
the field-theoretical relations without quarks to the formulation with the quark- 
gluon degrees of freedom. 

The usual vrA^ bremstrahlung amplitude < out; N\'k'\J^({))\'k ^ N \in > with on mass 
shell pions and nucleons in the "in" and "out" asymptotic states and with the photon 
current operator J'^{x) is depicted by the left diagram in Fig.l. In the generalized quark- 
gluon approach [2, 3, 4, 5] this amplitude is determined through the Green function of 
the transition between the Aquark + antiquark systems and the quark-hadron bound- 
state wave functions. The graphical representation of the vrA^ radiation amplitude in the 
quark-gluon approach [2, 3, 4, 5] is given by the diagram on the right-side of Fig. 1. 
The construction of the creation and annihilation operators of the asymptotic nucleons 
and pions via quarks allows to operate with the usual expression of the ttN radiation 
amplitude < out; N' ,7r'\J'^{0)\7r, N;in > because 

< out;N',7r'\J^{0)\7r,N;in >=< 0\Bout{N')^ouMJ^{Q)a+ir^{7^)B+in{N)\0 >, (l-l) 

where Bout(in){N) and aout(m)(7r) denote the creation or annihilation operators of the com- 
posed nucleon and pion in the asymptotic "out" or "in" states. 

In this paper we shall show that current conservation on the quark level for the on shell 
TiN bremsstrahlung amplitude (1.1) takes again the form of the modified Ward-Takahashi 
identity for the on shell external particle radiation amplitude £^^,j^i_^j^ 
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Figure 1: The ttN bremsstrahlung amplitude for composite nucleons and pions. 



k'^ < out; N\ 7r'\J^{0)\7r, N; %n >= k'^£%,j,,_^^ + B^,n'-.n = 0, (1.2a) 

where k'^ is the four momentum of the final photon, B.j^i n'-tzN stands for a sum of the 
off shell elastic nN scattering amplitudes. 

The external particle radiation diagrams are depicted in Fig. 2. The only difference 
between the external particle radiation amplitude in Fig. 2 and in the formulation without 
quark degrees of freedom (see Fig. 1 in [1]) is the off shell vrA^ amplitudes, which contains 
the nonlocal momentum-depending source operators of the pion or nucleon. 
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Figure 2: The external particle radiation diagrams of the nN bremsstrahlung amplitude. 
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Current conservation (1.2a) indicates a connection between the four-divergence of the 
external Sy^,j^,_^j^ and internal particle radiation amplitudes 




(1.26) 



N N' 



Figure 3: The double on mass shell A exchange diagram with the intermediate A radiation vertex. The 
A — 7 A vertex contains the dipole magnetic moment of the A. 

One can decompose (1.2a,b) into a set of independent current conservation for the 
longitudinal part of the on shell nN radiation amplitude [1]. In particular, one can 
unambiguously separate the A-pole parts of the ttN amplitudes which are contained in 
^y-n-'N'-nN Btt'n'-ttN- The A-pole part of the full ttN Green function determines the 
ttN — A wave function with the on mass shell A and the effective mass of the A [1, 10, 
11, 12] mA(s) = Ma(<s) — i/2r^{s) which generally depends on the Mandclstam variable 
s. This nN — A wave function and mA(s) define the intermediate on mass shell A state 

with the four momentum Pa = (\/'^a('S) + Pa) also in the present formulation with 
quark degrees of freedom. The considered field theoretical nN bremsstrahlung amplitudes 
are not depending on the model of mA(s) which must be determined separately. The sum 
of the A-pole parts of the off shell nN amplitudes in Sy^,j^,_^j^ (Fig- 2) reproduces the 
double on mass shell A exchange amplitude (£^£^/py^,^,_^^(A — 7A) which contains the 
A— 7 A vertex with the anomalous magnetic moment of the proton instead of the magnetic 
dipole moment of the A. {Sc^^'^)y^,^,_^j^{A — 7A) has the same analytical structure as 
the intermediate A radiation diagram Xy^,^,_^jy(A — 7A) in Fig. 3. This amplitude 
is unambiguously separated from the internal particle radiation diagrams based on the 
A-pole terms of the intermediate nN Green function [1] . Thus 

k',{£c'%^^N'-.N{^ - 7A) = -k',I%,^,_^^{A - 7A) = -B'Jl,_^^{A - 7A), (1.3) 
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where the lower index £ and the upper index '^^^ denotes the longitudinal and the spin- 
isospin (3/2,3/2) part of the corresponding expressions. The identical structure of 
(^£^^^)y7r'Ar'-7r7v(^ — 7A) and Jy^,jv/_7r7v(^ ~ 7^) ^ig- 3 allows to obtain an analytical 
and model independent relations between the magnetic dipole moments of the A+ and 
A"*""*" resonances and the anomalous magnetic moment of the proton. In this paper we 
generalize this relation for the magnetic dipole moments of the A° and A~ resonances. 

This paper consists of four Sections. The creation and annihilation operators of com- 
posite particle and corresponding Ward-Takahashi identity are constructed in the next 
Section. The model-independent relation between the magnetic dipole moments of the 
A° and A~ resonances and the anomalous magnetic moment of the neutron is given in 
Section 3. The conclusions and comparison of the suggested relations for the magnetic 
dipole moments of A° and A~ with the numerical values of other authors are presented 
in Sect. 4. 



2. The Ward-Takahashi identity for the on shell ttN bremstrahlung amplitude 
in the field theoretical approach with the quairk degrees of freedom 

The creation and annihilation operators of the hadrons as the quark cluster operators 
were constructed in ref. [2] in the framework of the usual quantum field theory. The 
corresponding nucleon and pion field operators \l'pj^(F) and $p^(X) are composed through 
the local quark field operators q{x) . ^p^^ (Y) and (X) are nonlocal because they depend 
on the nucleon and pion four moments and correspondingly 

%Ay) = / d'rsd'n,2xL(Y = 0,n,,.rs)T(q,{yMy2)q3{y3)): (2.1) 

where Y, ri 2 and are the Jacobi coordinates yi = Y — r)3r3 + r]2ri^2, 1/2 — Y — rjsrs — 
?7i'^i,2, ya^Y + 771,2^3 with 773 + 771,2 = 1 and 771 772 = 1, 



XpN(yi>y2,y3) =< 0\T [qi{yi)qj{y2)qk{y3)\PN, SN,iN;in >= e '^"^XpT^iY = 0,ri,2,r3) 

(2.2a) 

is a solution of the Bethe-Salpeter equation for the three quark bound state with the 



nucleon mass rriN and four momentum = (ypN^ + "^Ar5PN); and i]\f denotes the 
spin-isospin projections of the nucleon. xl satisfies the normalization condition [6] 



2 < Xp'JPn^ G ^(3g) IxpN >=< Xp^lXpN >=< PN,Sjv>4;"^iv|PN,Siv,iiv;m7v >, 



(2.26) 

where G{3q) is the full Green function of three interacting quarks^. 



^The on mass shell A state with the complex mass ttia = Ma+i^a/^ can be constructed through the 
intermediate three quark state in the same manner as the one nucleon state. In particular, it is necessary 
to find the solution of the Bethe-Salpetca- equation for the A-pole state of the Squark — Squark Green 
function: ^p^{xi,X2,Xs) =< 0\T{qi{xi)q2{x2)q3{xs))\'i/p^ >. 
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The asymptotic nucleoli annihilation (creation) operator B^^^°'^^\pn) for an on mass- 
shell nucleon is determined as 



Bin{out)(PN) ^ lim Bp^{x°), 



(2.3a) 



where the weak limit lima,o^_oo{+oo) is assumed. The Heisenberg operator Bp^{X°) is 
given in the same form as in conventional quantum field theory 

The composite meson fields are constructed using the quark-antiquark operator 

(2.4a) 



%JX) = / rfVi,20+ (X = 0,pi,2)T q^{x,Mx2)), 



where = {^pl + ml, p^), Xi^ X + //2Pi,2, X2 ^ X - /iipi_2 with //i + //2 = 1 and 



<PpA^,y) =< 0|T(^5i(a:)gj(y)^|p^,i^;m^ > 



(2.46) 



is the solution of the Bethc-Salpeter equation of the quark-antiquark bound state. This 
function satisfies the normalization condition 



d _ 

< <Pp'JP'^-Q^9~\QQ)\(f>p. > = < 0P'J0P. > = < P^,4;^7r|P7r,«7r;^7r >, (2.4c) 



2im'i 



where g{qq) is the full quark-antiquark Green function. 

The asymptotic meson creation or annihilation operator is 



am(o«t)(P7r) = lim ap^(x°), 

a;°^— oo(+oo) 



where 



Spvr {^°) = / "X exp (ip^x) 



d 



dx° 



(2.5a) 



(2.56) 



The composite operators (2.3a) and (2.5a) satisfy the same commutation relations 
as the ordinary local field operators of the asymptotic nucleons and pions in the usual 
quantum field theory [6, 7] 

{^.t(o.t)(P'),^.n(o«.)(p)}= (2^)'^<^(P' - P); 

[Bin^out) (P') , B,n^out) (P) } = {h+ (pO , (p) I = 0, (2.6a) 



3 + 

in{out) 



(p'7r)>amKt)(P7r) 



^{2nf2pl5{p'^-p^)- 
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^in{out) 



(p'tt)' am(owt)(P7r) 



in{ow 



' in{out) (Ptt) 



= 0. 



(2.66) 



The relations (2.6a,b) allow to build any "m" or "ouf hadron states through the 
intermediate quark-cluster states. These operators form the usual completeness condition 
for the asymptotic "in" or "out" hadron fields J2n l^j in{out) > < {out)in; n\ = 1 and the 



well-known iS-matrix clement as iS^ 
field theory, the Heisenberg fields Bp 

time commutation relations (2.6a,b) < i3, 



nm ' 



--< out; n\m; in >. In contrast to local quantum 
(2.3b) and 3p{x°) (2.5b) do not satisfy the equal- 



7^0, 



Bp'{xo),ap^{xo) 



^ 0, etc. 



Nevertheless, the basic relations of the usual quantum field theory remain the same in 
the field theoretical approach with quarks. In particular, for the irN radiation amplitude 

■^^'■n' N' —TzN baS 



A>;,^,^,_^^ = I J d^ze'^'^ < 0\Boutip'N)3outip'^)J''{z)a+iniP.)B^in{PN)\0 >, (2.7a) 

where k'^ denotes the four momentum of the on shell final photon k'^j^k'^ — and k'^ — 
ipN +Pn- p'n - = {P- P')^-^ 

J^{z)^q{z){^ + ^^^q{z) (2.76) 

denotes the photon source operator with the Gell-Mann fiavor matrices A [6]. 

A symbolical picture of the t:N bremsstrahlung amplitude (2.7a) with the intermediate 
quark-clusters states is given in Fig. 1. The triangles in Fig. 1 describe the quark-hadron 
bound state wave functions (2.2a), (2.4a) and their orthogonal expressions. These vertices 
play the role of the hadronization functions. Consequently, the vrA^ =^ '-f'n'N' amplitude 
(2.7a) is replaced by the iqq—j'iq'q' transition amplitude. Using the generalized 5- matrix 
reduction formula [2] we obtain 



^V^7'7r'JV'-7rJV = ""(p'jv) (7i^Pjv'' " ^n){p't,^ " ml) k' ^G^ {IvPn"" - mN){Pn^ - ml)u{pN), 

(2.8a) 

where 



k'^G>^ = I j d%d%d%d'x\d'x'^d%d'y2d'y^d'x,d'x2e'^'^d'zx^^^^ 



d 



<0\j[j{qi{y[)q2{y2)q3{y3))T{qi{x[)U^',))^^^^ 

Xpt,(yi,y2,y3)(l>pAxi^x2), (2.86) 

where the double time-ordered product is defined as T (qi{xi)q2{x2)^ J^iz)^ = 
(q^{xi)9{xl - x°)q2{x2)9{x° - z'')J^{z) - ^2(2:2)^(4 - xX)qx{x^)Q{x\ - z")J^{z)) 



> 
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+ [j^'{z)e{z^ - x'i)q,{xi)e{x", x"M^2) - J^'{z)e{z" - xl)q^{x2)e{xl - xDq^ixi)). 

The choice of the average X = xi + X2i Y = yi + y2 + y^, or the cm. coordinates 
X = nixi + H2X2-, Pi,2 = X1-X2 and Y = 7737/3 + 771,2^1,2, Pa = Z/a - ^1,2, >^i,2 = »7i2/i + ^722/2 
in (2.1) and in (2.4a) is not unique. But the ^'-matrix reduction formula and (2.8a,b) are 
not depend on the choice of X and Y. 

The important property of the on shell amplitude (2.8a) is that only the operators 

u{PN){'yuPT<s''-mN)pN' = u{PN){li^PN''-mN) I d'^yid'^y2dSj3Xp^{yi,y2,y3)T(^qi{yi)q2{y2)q3{y3)), 

(Pt^'^ — ml)pT, = {pj^—rri^) J d'^Xid'^X2(f)p^{xi,X2)T(qi{xi)q2ix2fj and their Hermitian con- 
jugate produce the asymptotic one-nucleon and one-pion states. Therefore, the zeros of 
the Dirac {'jup'^'^ — rriN), {"JuPn" — rriN) and the Klein-Gordon operators {p'^^ — ml), 
(Ptt^ — TTi'^) in the on shell amplitude (2.8a) can be compensated only by P^v', Ptt' and 
their Hermitian conjugate operators. But Pn', Ptt' and their conjugate are included in 
(2.8b). The remaining part of the full Green function 

I d%d%d%d%d%d%d'y2d%d^x,d'x2e'''^d^zx;,^ {y[, y',, y^)0+ {x[, x',) 

< 0|T(^gi(yi)g2(y2)?3(y3)?lK)^2(4)^''(^)?l(yi)^2(y2)g3(2/3)^l(a;i)?2(a;2)) |0 > 

Xp^iyi,y2,y3)(f)pAxi,x2) (2.8c) 

involves all possible exchanges of the quark operators between T(^qi(y[)q2{y2)q3{y'3)^, 
T(gi(a;'i)g2(4))> '^{Qi{yi)Q2{y2)q3{y3)) and T(qi{xi)q2{x2)). Therefore, gi^ does not con- 
tribute into the on shell amplitude (2.7a), because g^ does not contain Pn', Pn, Ptt', 
Ptt'-^ Correspondingly, one can replace (2.8b) with (2.8c) in (2.8a) 



k't,A^'n'N'-nN = u{p'n){1uP'/ - mN){p'^ - ml) k'^T'' {JuPn'' - mN){Pn'^ - m^)u(pjv), 

{2.Sd) 

Based on the equal-time commutation relations between the quark operators it is easy 
to get the equal-time commutation rules for the photon source operator (2.7b) and the 
quark operators 



J%z),qj{y')\5{zo-y'J = -ej5^'\z-y%{y'y, [j%z),qj{y)\Kzo-yo) = ej5^'\z-y)qj{y), 

(2.9) 

where ej denotes the charge of the quark j. In particular, Cj = 2/3 e for the -u-quark and 
Cj = —1/3 e for the d quarks. The equal-time commutators (2.9) and integration over z 
in (2.8c) allows to rewrite (2.8d) as 

^This can be also verified using the limits over the coordinates X'" => oo, X° = 
Y° — oo in the quark and composite particle operators (2.3a,b), (2.5a,b). 



-oo Y' 



oo, 
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> 



< out] p'atP'tt I T (91 ?2 (^2) ?3 (2/3)) I Ptt ; «^ 



+i I d'^yid%2d'^y3 



> 



XpN(yi,l/2,Z/3)(7i/PJv'' - mN){Pn^ - ml)u{pN) 



gTTgife'xi^g^gife'xaJ < o'ui;pVp'^|T(^i(xi)?2(a:;2))|pjv;m > 0p^(a:i,X2). 



+i(p^^-m^) j d^Xid'^X2 

After integration over the coordinates X', X, Y' and Y we obtain 

^'M^7'^'iV'-^iv(P^>PN,k';p^,PN) = -i(27r)^ 5^^^ (p'jv + + /c' - -pw) 



(2.11) 



Cat' 



7^(p'iv + k'Y -rriN 



< otii;p'7rl'^p;.,k'(0)|p,rPJv;m > 



+(p'J-m^) — 
- < o'ut;p'^pVRpN,k'(0)|p^;w > 



< oiii;p'^|jp;,k'(0)|P7rPiv;m > 

Cat 



< o'«^;p'^p'jv|jp.,k'(o)|pjv;TO > 



-ipl-ml) 



(2.12) 



(p^ - /c')2 - ml 

where the source operators of the nucleon and pion are constructed through the non- 
local nucleon and pion fields (2.1) and (2.4a) as 

Jp^,k'(l^) = (n.V^Y - mj,)^^,,k'{Yy, ^p'^AY') = / d'r',d'r[X,jY' = 0,r[,„r',) 

pN' pN' N' 

^^ik'i-vsr's+mr',,,) ^ ^g-ife'fe.^+mr-1,,) + ^e^'^'^'^'^^'Aj U{y[)q2{y2)q3{y3)) (2.13a) 

Jp'MX) = {a^ + mm,^{Xy, </.p.,kK^') = / d'p[,2K'M' = 0"^'i,2) 

■^gifeV2Pl,2 + ^e-"'''''P^T(qi{x[)q2{x'^)). (2.136) 

The charge factors in front of the off shell nN amplitudes in (2.12) are extracted in 
analogue to the formulation without quark degrees of freedom [1], where the charge of the 
nucleon and pion arise in the equal time commutators due to charge conservation. In the 
source operators (2.13a,b) the quark charges are distributed according to the commutators 
(2.9). This distribution is a result of the choice of the field operators (2.1) and (2.4a). 
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Other choices of the source operators of the composite nucleons and pions are considered 
in Appendix A. Unhke (2.13a,b) other source operators do not contain the quark charge 
distributions. 

Because of the zeros of the free Dirac and the Klein-Gordon operators icivV'N" ~it^n), 
{IuPn" — it^n), {p'tt'^ — 'itT'D , ip-K^ — '^V) equation (2.12) corresponds to current conservation 
k' ^Ay^,j^,_^j^ = for any k'. For k' = k' ^Ay^,j^,_^j^ = according to cancellations 
of the on shell ttN amplitudes. Therefore, (2.12) represents current conservation for the 
on-mass shell ttN bremsstrahlung amplitude 



^7'7r'iV'-7rAf (Ptt) PN) ^ ; Ptt, Pn) 



- on mass shell it', N', tt, N 



0. (2.14) 



Following [1] we extract the full energy-momentum conservation 5 function from the ra- 
diative TiN scattering amplitude and introduce the corresponding non-singular 
amplitude < owt; p'jvP'7rl<^'^(0)|P7rPJv; > 



^'^^y^'iV'-TrAr = -i(27r)^ S^'^\p'j^ + p'^ + k' -p^ -pN)k' ^ < out;p' Np'^\J^'{0)\p^pN]in > . 

(2.15) 

The identity a/{a + b) = 1 — b/ {a + b) and (2.15) allows to rewrite (2.12) as 

k'^ < out; p'jvP7r'|^''(0)|p^Pjv; in >= B^>N'-nN + k' ^S!^,^,j^,_^j^ = 0, (2.16) 
where 

B^iN'-TzN = cnMPn) < out;p'^\Jp'^k'{0)\p.^pN;in > +e^/ < out;p ^\jp^^k'iO)\p^PN;in > 

-ejv < out;p'^p'j^\Jp^k'{0)\Pn;in > u{pn) - e„ < out;p'j,^p' j^\jp^k>(0)\pN;in >, 

(2.17a) 



'-'yn'N'-TTN 



-(^, ^^,t, lu{p'N + k'Y + T UN 

2p'j,k' 



u{V>'N)f 



Cn' < OMt;p^|JpJ^k'(0)|P7rPiV;^"' > 



+ (2p'^ + k'Y^-^ < out] pV|jp;k'(0)|P7rP7v; ^n > 
-Civ < o'ut;p^p^|Jp;^k'(0)|P7r;^^ > -^^^^1 7 ""(Piv) 



< oMi;p'^pV|jp.k'(0)|P7v;m > --^(2p^ - klY 



(2.176) 



The relations (2.16) and (2.17a,b) have the same form as (2.6) and (2.8a,b) in the 
formulation without quarks [1]. The only differences are in the source operators of the 
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nucleons and pions. The off shell tiN amplitudes in (2.17a,b) contains the nonlocal source 
operators (2.13a,b) of composite particles which in contrast to the local sources J{x) — 
{i'-)yd/dxy — m]s[)'^{x) and Jt^^x) = {O^ + m^)$(a;) depends on the four moments of the 
composed particle and on k'. Consequently, the off mass shell nN amplitudes in (2.17a,b) 
have an additional dependence on the Mandclstam variables. 

The Ward-Takahashi identity (2.16) presents the general scheme of current conser- 
vation for the ttN bremsstrahlung reaction with the composed on mass shell pions and 
nucleons. According to this scheme it is necessary to find a special part of the internal 
particle radiation amplitude which insures current conservation because 

k'nlyTr'N'-TTN — ^j't^'N'-ttN (2.18a) 

and consequently 



K < o"^; P'jvP'7rl^^(0)|P7rP7v; in >= /c^ (^f"^,^,^,.^^ + I%>n'-^n) = 0- (2.186) 

An example of such an internal particle radiation amplitude is the intermediate on mass 
shell A radiation amplitude depicted in Fig. 3 [1]. The A radiation amplitude in Fig. 3 
^7'7r'iV'-7rAf(^ ~7^) docs uot Satisfy current conservation separately. (A-7A) 
satisfy current conservation together with {Sc^^'^)y^,j^,_^j^{A — 7A) which is extracted 
from (2.17b) in Fig. 2 after the set of the decompositions. 



K(^c'%.'N'-.n{^ - 7A) = -k',It;,,,^,_,AA - 7A) = -Blil,_,U^ - 7A), (2.19) 



where the lower index c and the upper index denotes the longitudinal and the 
spin-isospin (3/2, 3/2) part of the corresponding expressions. From the same structure of 
(^£'/')^;'.'^'-.iv(A - 7A) and iI^/X'.'N'-.N{^ - 7A) follows 



{Sc'/')%,j,,.^Ni^ - 7A) = -T%j,,_^A^ - 7A) (2.20) 
which allows to equate the A — 7 A vertex functions in Xy^,jy,_^^(A — 7 A) and in 
(^£'/')%'iV'-.iv(A-7A) 



g-K'N'-A'{s',k') 



Gco{k',s,s') = -2M^ 
TZn' + T^N 



|k'| P^(s) - P'lis') 



s — s s — S' 



gA-7r7v(s) 



(2.21a) 



Gmi(A;'a,s,s') = -2Ma 



Ik'l 



s — s' 



Pl{s)-P'\ 
s — s' 



g7r'iV'-A'(s', k') 



-N 



[gA- 

(2^216) 
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where Gc and Gmi denote the electric and magnetic dipole form factors of the A's, 
k'^ = Pa — -Pa ^"^^ have considered the tiN bremsstrahlung reactions with only cat = 
e^v' and /x^r = hn'- Equations (2.21a,b) present a relationship between Gco{k'\,s,s'), 
GM\{k'\,s,s') and the residues of the ttN amplitudes TZ (see (A.9a,b,c,d) in [1]). 

At the threshold fc' = one obtains the same model-independent relation of the 
magnetic dipole moments of the A+ and A^"*" resonances as in [1] /xa+ = ^tI^p 

3 

A*A++ — 2A*A+- 

3. Magnetic dipole moments of the A° and A~ resonances. 



The external particle radiation amplitude E'^,^tj^i_^^ (2.17b) can be replaced by the 
one on mass shell particle exchange amplitude 



6 ' 



2p'^k' 



-Cat < OMt;p'^p'jv|^pNk'(0)|p7r;m > m(pn - k')M(pN - k' 



it(pN + k')'u(pN + k')ejv' < out] p'^l Jpj^k'(0)|p7rPJv; in > 

{2pM-k'Y -l^lN<J^''k'}u{^M) 



2pNk' 



- < O'ui;p'^p'^|jp^,k'(0)|p7v;m > — ^(2p^ - k'Y , (3.1a) 

where the antiparticle contributions are separated as it was done in [1]. Thus starting from 
the generalized S'-matrix reduction formulas (2.8a,b) for the nN radiation amplitude with 
composite pions and nucleons one obtains again the modified Ward-Takahashi identity 



k'^ < out; p'atPtt'I J''(0)|p,rPiv; in >= B^'n'-kN + k' f,Sl^,^,j^,_^j^{N) = 0, (3.16) 

with the external particle radiation amplitude (3.1a), where Cp — e, fj.p = 1 for the 
protons and e„ = 0, = for the neutrons. 

In order to take into account the anomalous magnetic moments of nucleons it is neces- 
sary to consider the loop corrections of the '-/NN vertex. The corresponding contributions 
can be extracted from the transverse part of £y^,j^,_^j^{N). Then one obtains again the 
expression (3.1a) with fip = 2.79/iB for protons and /x„ = —I.QI/ib for neutrons in the 
units of the nuclear magneton /ib — e/2mp. 

The external particle radiation part of the ttN bremstrahlung amplitude with the 
complete '-/'NN and ^'tttt vertices is depicted in Fig. 2. At the threshold k' = (2.21a,b) 
presents the exact relationship between ca, A*a and the A pole residues TZ of the off shell 
ttN amplitudes (see (A.9a,b,c,d) in [1]) 
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A/'(s) g^'N'-A'{s',k') 



gn z \-en z 



gA-7riv(s, k'] 



k'=0 



(3.2a) 



J^{s)\gn'N'-A'{s',k') 



fJ'N Z 



-I k'=0 



gA-KN{s,k'] 



, (3.26) 



J v^=v^=Ma 



where M{s) = l/{d-\/s/dk')—dP^{s)/d-\/s and gA-nN and gTr'AT'-A' denotes the A—ttN 
form factors. 

Now we assume that the charge of the neutron is an auxihary parameter e„ which 
will be fixed in the finally relations as e„ = 0. Then for the nN bremsstrahlung with the 
intermediate A° we have 



CA° — ~Cn 



A/'(s) g7r'N'-A'{s',k' 



n 



gA-7rJv(s, k'] 



k'=0 



•/s'=^J s,k'=M/^ 



k'=0 



\/s'=Vs=Ma 

(3.3a) 

But ca" = e„ for the reaction 7r°n y7i"'n'. The cancellation of e„ from both sides of 
(3.3a) gives the normalization condition for TZn 



1 = - 



M{s) g-K'N'-A'{s',k') 



gA-7rAf(s, k'] 



-1 



k'=0 



(3.36) 



Substituting (3.3b) into (3.2b) we obtain 



Ma 

A*A° — A*n , 



m.r, 



(3.4) 



where the different units of fi^ and fi^- generates the factor M^/rrip. The isospin symmetry 
between the ttN amplitudes of the reactions 7r°n — > 7r°n and 7T~n — > 7r~n in (3.2b) allows 
to estimate /i^- 



3 Ma 



A*A TT/^A" — -l^n 



2r 'fc 



(3.5) 
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4. Conclusion 



The main result of this paper is that the magnetic dipole moments of the A resonances 
are the same in the quantum field theories with and without quark degrees of freedom. 
This follows from the same structure of current conservation for the on shell ttN radia- 
tion amplitudes in the formulations with and without quark degrees of freedom, and the 
simple relationship between the magnetic dipole moments of the A's and the anomalous 
magnetic moment of the nuclcons /i^ = M^/rUp n^. According to this formula the fi^ 
are dependent only on the anomalous magnetic moment of the nucleons hn and the A 
resonance pole position Ma = 1232 MeV. The present approach allows to connect ana- 
lytically the electric and the magnetic dipole form factors Gc and Gmi with the A pole 
residues TZ of the off shell vrA^ amplitudes according to (2.21a,b). The A pole residues 
TZ as well as the source operators (2.13a,b) and (A.6a,b) are different in the different 
models. Correspondingly, the dependence on k' of the off shell nN amplitudes is different 
and model-dependent. But at threshold k' — the expressions for ca, A*a (3.2a,b) as well 
as the normalization condition (3.3b) are the same for any model with the fixed charge 
of the particles. Therefore, the formulas (3.4) and (3.5) for the magnetic dipole moment 
of the A's are unique and model- independent. 

Table 1 

Magnetic moments of A" and A^ in nuclear magneton /ib = e/2mp. 



MODELS 


This 
work 


SU{Q) 
and Bag 


Skyrme 


quark 




-2.504 


0. [13, 14] 
0.[15] 
0.[16] 
0.[17] 


-1.33~-0.19[21] 


0.[18] 
0.375[19] 
-0.3-0. [20] 


fJ'A- 


-3.759 


-2.79 [13, 14] 
-2.13[15] 

-2.20-2.45[16] 
-3.27[17] 


-5.62~-2.38[21] 


-3.49[18] 
-2.1[19] 
-2.72-3.06[20] 



The present relations for //a requires proportionality of //a and the anomalous mag- 
netic moment of the nucleon fi^- In particular, /iA° and /ia- are determined via the 
anomalous magnetic moment of the neutron. A comparison our numerical values for ^a° 
and Ha- with the calculations of other authors is given in Table 1. In the SU{Q) sym- 
metry quark models and their modifications [13]-[17] /ia is proportional to the charge 
of the A. Therefore in these models[13, 14, 15, 16, 17] fj,A° = and ^a- = ^AiA+ and 
II A+ = 1/2 IIA++- This property is preserved in the constituent quark model [18]. But it 
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is slightly broken in the Skyrme model [21], chiral quark model [20], chiral quark-soliton 
model [19] and effective quark model. The crucial difference between our result and the 
other estimations is in //a° which is larger than the predictions of other authors. 



Appendix A: Alternative field operators of composite particles 



The source operators Jpi^^k'{Y) (2.13a) and jp'^^k'i^) (2.13b) can be constructed in 
the independent over the quark charges ej form. For this aim one can introduce other 
quark cluster operators 

xlj^{yi,y2-y3)\Y=oT(^qi{yi)q2{y2)q3{y3)j +xl,^{y2,yi-y3)\Y=oT(^qi{y2)q2{yi)q3{y3) 
+ ^xl^{y3,y2-yi))\Y=oT(qi{y3)q2{y2)q3iyi)^ + xl,^iy2,y3-yi))\Y=o'T (qi{y2)q2iy3)q3iy^ 

+ xlj,{yi,y3-y2))\Y=o'T(qi{yi)q2iy3)q3{y2)j +xJjv(^i'^i-^2)|y=oT(^gi(z/3)g2(yi)g3(z/2) 

(Ai) 

and 



= ^|/ rfVi,20X(^ = 0,Pi,2)t(?,(xi)^,(x2))+/ d'p^,2<f>l{X = 0, -pi,2)T(qi{x2%{^i) 

(A2) 

Unlike to (2.1) and (2.4a), the field operators (A.l) and (A. 2) contains all transpo- 
sitions of the integration variables yi, y2, ys and xi, X2- Therefore, instead of (2.8b) we 
obtain 



k',G^ ^ i I dy]d\x']d'[y]d\x]n^.^^^>;p,^^^^^ 

<Q\j{j{qM)q2{y'2)q3{y'3))'^{qi{x\)U<)^ 

XpNiyi^y2,y3)<PpAxi,x2) (a.s) 

where d^] = l/6{[d'^yid^y2d'^y3 + d^d'^yid^ys] + [d'^y3d'^yid'^y2 + d'^yid'^yzd^y2] + 

[d'^yid'^y2d'^y3 + d'^y2d'^y3d'^yi\j , d'^[x] = l/2^d'^Xid'^X2 + d'^X2d^Xi^ and Vx-i^x2 ^^<i T^yiyzys 
are defined via transposition operator P^na of the variables xi and X2 as 
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1+p p+p+p 

_ J_T_|_£]£2. -p _ ' j/lj/2 ~ ' 3/22/3 ~ ' 2/32/1 (A A\ 

The symmetry over the rearrangement of the integration variables in (A. 3) and / dxidx2e^^'^^ [f{xi, ^2)+ 
f{x2,xi)\ — J dx2dxie^'^'^'^[f{x2,xi) + f{xi,X2)] allows to modify (2.11a) as 

k'n^yn'N'-nN = -ieN'u{p'N)M/ - rriN) / ^2/1 2/^2/^ xj^(l/i' 2/2 > 2/3) 

gifc'2/J _|_ gifc'2/2 _|_ gife'2/3 



3 



< oMt;p^|T ^1(^1)^2(2/2)93(2/3) |P7rPiv;m > 



c^'^M'P<40i(^'i>4) ^ < out] V N\'^yli{x'i)q2{x'2)j\p^VN-,in > 

/gifc'2/1 _j_ gife'2/2 _|_ gifc'2/3 
[2/1^2/12/22/3 ^ < out]p\p' ^\l{^^{yi)q2{y2)qz{yi))\p^]in > 

Xpjv(2/i>2/2,2/3)(7i.Piv'' - mN){p-K'^ - m^)M(pjv) 

d^[x]Vxix2 ^ < out;p']^p'jT(qi{xi)q2ix2))\pN;in > (t>pA^i^^i)^ 

iA.5) 

Consequently, after integration over X', X, Y' and Y we obtain again (2.12) with 
independent on the quark charges Cj source operators 

j,^,,,(y) = (i7.v^ - m^)*p,,,,(y); *pv,.K^') = / rfM^M,2x5,(>^' = o,r;.2,r^) 

giA;'2/J _|_ giA;'2/2 -)_ g«*;'2/3 , . 

|y'=oT (gi (2/092(^2)93(^3)) (^-60) 

jp'M^) = (Dx + m^)0,^(X); 0,^,,.(X') = I rfVi,2ft(^' = 0,p;,2) 

^ \x'=oT{qr(x[)Ux'2)). (AM) 
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